A drenomedullin (AM) is widely distributed in various tissues including the heart. 1,2 Cloning of the cDNA encoding the AM precursor showed that this gene is highly expressed in the heart, adrenal glands, kidneys, and lungs of both rats and humans. 3, 4 Binding studies demonstrated that abundant and specific receptors for this peptide are highly present in the heart, lung, spleen, and kidneys. 5 The presence of AM peptide, mRNA, and the receptors of AM in the heart indicates that this peptide may be involved in the regulation of cardiac hypertrophy. Indeed, previous studies revealed that ventricular AM levels are increased in several hypertensive models with cardiac hypertrophy. 6 -8 Furthermore, a recent study revealed that rats subjected to a chronic pressure overload by administration of angiotensin II have higher left ventricular weight and left ventricular AM mRNA levels. 9 However, the pathophysiological significance and time course of AM peptide and mRNA levels in the development of pressure-overload hypertrophy remain unknown.
In the present study, to investigate the pathophysiological significance of AM in the development of left ventricular hypertrophy (LVH), we measured the hemodynamics and tissue peptide and mRNA levels of AM and plasma AM, hormone levels, and the degree of LVH at 1, 3, 7, and 21 days after an aortic banding operation in a LVH rat model. We also assessed the effect of angiotensin-converting enzyme inhibitor (ACEI) on the hemodynamics, the ventricular peptide and mRNA levels of AM, and the degree of hypertrophy to elucidate the relationship between the regression of hypertrophy and ventricular AM levels. In addition, to investigate the effect of increased plasma AM levels on LVH, we assessed the effects of a chronic AM infusion on the hemodynamics and ventricular hypertrophy in this LVH model. We compared the effect of AM with hydralazine to examine the effect of AM (excluding the reduction of blood pressure).
Methods

Animals and Surgical Procedures
Study 1
Seven-week-old male Wistar rats (Oriental Bio Service Co, Kyoto, Japan) weighing from 250 to 300 g and given free access to standard rat chow and tap water were used. We randomly divided the rats into 2 groups: (1) a sham-operated group (nϭ24) and (2) an aortic banded (AB) group (nϭ28). The animals were anesthetized with sodium pentobarbital (30 mg/kg IP). The aortic banding was performed between the right and left renal arteries with a blunt 26-gauge needle to establish the diameter of the ligature. The sham procedure involved the same amount of anesthesia, approximately the same size of incision, and the placement of a loosely tied ligature in the identical position at the abdominal aorta. At 1, 3, 7, and 21 days after these operations, sham-operated and AB rats were anesthetized with sodium pentobarbital (30 mg/kg IP) and placed on a warming pad to maintain body temperature at 37°C. To measure arterial pressure and heart rate, the right carotid artery was cannulated with a PE-50 polyethylene catheter and the right femoral artery was cannulated with a PE-10 catheter fused to a PE-50 catheter. The catheters were connected to a transducer, and carotid and femoral arterial pressures were recorded on a polygraph (7758B System, Hewlett-Packard). The catheter inserted from the carotid artery was then advanced into the left ventricle (LV) to measure the left ventricular end-diastolic pressure (LVEDP). Blood samples were drawn from the catheter after hemodynamics were measured. The rats were then euthanized by an injection of 2 mmol of KCl and various tissues were weighed. The tissue specimens were immediately frozen in liquid nitrogen.
Study 2
To examine the effect of ACEI on the hemodynamics, tissue peptide and mRNA levels of AM, and the degree of hypertrophy, we administered the ACEI quinapril. We made AB rats (nϭ22) and sham rats (nϭ6) in the same manner as in Study 1. Quinapril was administered for 21 days from the day of the banding operation. AB rats were divided into nontreated (nϭ11), low-dose (15 mg/L in drinking water, nϭ6), and high-dose (150 mg/L in drinking water, nϭ5) quinapril-administered groups. Quinapril was dissolved in the drinking water. The rats drank Ϸ20 mL of drinking water per day. Thus, the low-dose ACEI treated group was administered 1 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 of quinapril and high-dose treated group, 10 mg ⅐ kg Ϫ1 ⅐ d Ϫ1 . On day 21 of quinapril treatment, the rats were anesthetized and the hemodynamics and blood and tissue samples were measured in the same manner as in Study 1.
Study 3
To investigate the effect of a chronic infusion of AM on hemodynamics and pressure overload-induced LVH , we produced LVH with tight abdominal aortic banding as in study 1. The AB rats were randomized to receive treatment with AM (nϭ10), hydralazine (nϭ10), or vehicle (nϭ11). AM was infused continuously by a subcutaneously implanted osmotic minipump (model 2 ML4, Alza). The osmotic minipump was implanted just after the banding operation, and the AM infusion (400 ng/h) was maintained for 7 days. Sham-operated rats received an implanted osmotic minipump filled with saline. Because we wanted to exclude differences in blood pressure (a major factor affecting the development of hypertrophy), we administered the arterial vasodilator hydralazine (Sigma Chemical Co.) orally (75 mg/L of drinking water) for 7 days to reduce the blood pressure to the same levels as those produced by the AM infusion. On day 7 after the operation, the rats were anesthetized and hemodynamics and blood and tissue samples were measured in the same manner as in Study 1.
AM mRNA Determination
Total RNA was extracted from the left ventricle by the acid guanidinium thiocyanate-phenol-chloroform method, according to the method previously described. 10 The total RNA pellet was dissolved in 0.1% diethyl pyrocarbonate-treated water and stored at Ϫ80°C until use. The RNA concentration was determined on the basis of absorbance at 260 nm. The transfer, cross-link, and hybridization were performed as reported previously 11 with a 32 P-labeled cDNA probe for rat AM. The band intensity was estimated by a radioimage analyzer (BAS-5000, Fuji Film). To normalize the rat AM signal to the loaded amounts and transfer efficiencies, the same membrane was rehybridized with an 18S oligonucleotide probe.
Radioimmunoassay of AM and Other Hormones
The plasma samples were diluted with an equal volume of saline and loaded onto a Sep-Pak C-18 cartridge (1.0 mL) that was preequilibrated with saline. The adsorbed materials were eluted with 4.0 mL of 60% acetonitrile in 0.1% trifluoroacetic acid. The tissues were weighed and boiled in 10 vol of 1 mol/L acetic acid. Then, the tissues were homogenized with a Polytron mixer. The homogenate was centrifuged at 3000g, and the supernatant was centrifuged again at 15 000g. The supernatant was evaporated in a vacuum until dry. The radioimmunoassay for rat AM was performed as reported previously. 12 The plasma renin concentration was measured by a gamma-coat plasma renin activity kit (Dade Behring Co) and determined by the radioimmunoassay of angiotensin I generated by the incubation of plasma after adding an excess of angiotensinogen provided by binephrectomized rat plasma. The plasma aldosterone concentration was measured by radioimmunoassay; ie, a SPAC-S aldosterone kit (Daiichi Radioisotope Labs).
Immunohistochemistry
For the immunohistochemical analysis, ventricles were immediately fixed with 10% formalin. The tissues were embedded in paraffin, and 4-m-thick sections were cut and mounted on glass slides treated with silica. The slides were incubated overnight at 60°C and deparaffinized with graded concentrations of xylene and ethanol. Immunohistochemical analysis was performed using a monoclonal antibody recognizing AM-(46 -52) (dilution of ascites, 1:200) as previously reported. 13 Nonimmune mouse IgG was used as a control. The presence of immunoreactive AM was assessed with light microscopy by trained observers who were unaware of the treatment conditions used.
Statistical Analysis
All values are expressed as meanϮSD. Statistical comparisons among Ͼ2 groups were performed by ANOVA and the Dunnett test for multiple comparisons. Comparisons between 2 groups were performed by an unpaired Student t test. A P value Ͻ0.05 was considered statistically significant.
Results
Study 1: Changes of Hemodynamics, LV Weight, and Peptide and mRNA Levels of AM at 1, 3, 7, and 21 Days After the Aortic Banding Operation
As shown in Table 1 , the AB rats had lower body weight (BW) and left kidney weight and higher right kidney weight throughout the period after the operation. The heart rate was not significantly different between the 2 groups. The mean carotid arterial pressure was significantly higher and the mean femoral arterial pressure was significantly lower in the AB group than in the sham-operated group from 1 to 21 days after operation. LVEDP was elevated in the AB group from 3 to 21 days after the operation compared with the sham-operated rats. As a result of aortic banding between the right and left renal arteries, plasma renin concentration was Ϸ3-to 5-fold higher and the plasma aldosterone concentration was Ϸ2-fold higher in the AB rats than in sham-operated rats from 1 to 21 days after the operation.
The LV weight/BW (LV/BW) ratio (relative LV weight) gradually increased after the operation in the AB group and was significantly increased compared with the sham-operated group. The LV AM levels similarly increased after the operation in a time-dependent manner ( Figure 1A and 1B) . In contrast, the plasma AM levels showed a peak at 1 day after the operation ( Figure 1D ). The AM mRNA levels in the LV were highly expressed at 1 day after banding in the AB group compared with those in the sham-operated group, but at 3, 7, and 21 days after the banding, the mRNA levels of AM were not significantly different between the AB and sham-operated groups ( Figures 1E and 2 ). The LV AM levels correlated with the LV/BW ratio (rϭ0.76, PϽ0.01; nϭ52; Figure 1C ); in contrast, the plasma AM levels did not correlate with the LV weight.
Study 2: Effects of Quinapril on Hemodynamics, LV Weight, and the Peptide and mRNA Levels of AM
As shown in Table 2 , the nontreated and quinapril-treated AB rats had lower BW compared with the sham-operated rats. The heart rate was not significantly different among these groups. Quinapril administration decreased both the mean carotid and femoral arterial pressures in a dosedependent manner. The LVEDP was normalized by the administration of both low-and high-dose quinapril. The weight of the right kidney was increased and that of the left kidney was decreased in the AB rats versus the shamoperated rats, and quinapril administration tended to decrease the bilateral renal weights in a dose-dependent manner. The plasma renin concentration was Ϸ10-fold higher in the low-dose quinapril group and Ϸ20-fold higher in the high-dose quinapril group than in the shamoperated group. In contrast, the elevated plasma aldoste- rone concentration due to AB was markedly decreased by administering quinapril. Administration of quinapril for 21 days inhibited ventricular hypertrophy and similarly decreased the LV AM levels in a dose-dependent manner ( Figure 3A and 3B) . The LV AM levels correlated with the LV/BW ratio (rϭ0.59, PϽ0.01; nϭ28). The AM mRNA levels of the LV tended to decrease only in the high-dose quinapril group but not significantly (data not shown).
Study 3: Effects of AM on Hemodynamics, LV Weight, and AM Levels
As shown in Table 3 , the nontreated, AM-infused, and hydralazine-administered AB rats had lower BW versus the sham-operated rats. The heart rate was not significantly different among these groups. The AM infusion and the hydralazine administration reduced the mean carotid arterial pressure by Ϸ10% compared with the nontreated AB group. The mean femoral artery pressure was not significantly different between the AB and AB with AM infusion groups; in contrast, it was significantly lower in the AB with hydralazine group. LVEDP was normalized by the AM infusion and by the hydralazine administration. The right kidney weight was increased and the left kidney weight was decreased in the nontreated AB group versus the shamoperated group. The AM infusion and hydralazine did not affect the renal weights. The plasma renin concentration tended to be higher in the hydralazine-treated group. In contrast, plasma aldosterone concentration tended to be lower in the AM infusion group and higher in the hydralazine group compared with the nontreated AB group, and it was significantly decreased in the AM infusion group versus the hydralazine-treated group.
The LV/BW ratio was attenuated only in the AB with AM infusion group compared with the nontreated AB group ( Figure 4A ). Hydralazine did not affect either the LV/BW ratio or the LV AM level. LV AM levels were 22% greater in the AM infusion group than in the nontreated AB group, and the plasma AM levels were about 5-fold greater in the AM infusion group compared with the nontreated AB group ( Figure 4B and 4C) .
Immunohistochemistry
The immunohistochemical analysis revealed that AM immunoreactivity was more intense in hypertrophied ventricular myocytes than normal ventricular myocytes. The hypertrophied ventricles showed perivascular fibrosis, and there was no evidence of immunoreactivity in such connective tissues ( Figure 5 ).
Discussion
In the present study, we demonstrated that the ventricular AM levels increase with the development of ventricular hypertrophy induced by AB and that the LV AM levels correlated with the extent of LVH. The plasma AM levels showed a peak at 1 day after the aortic banding operation; higher AM gene expression was observed only 1 day after this operation. The ACEI treatment decreased the LV AM levels with a concomitant reduction of LVH. In addition, a chronic AM infusion to AB rats significantly decreased the arterial pressure and LVH. These results suggest that the mechanisms underlying regulation of plasma and ventricular AM during the development of LVH by pressure overload differ from each other and that increased ventricular AM levels correlate with the extent of LVH induced by chronic pressure overload caused by aortic banding in rats.
In the present study, the LV AM levels were higher in the AB group than in the sham-operated group; levels gradually increased in a time-dependent manner with a concomitant increase of LV weight. The LV AM levels correlated with the extent of LVH. Previous studies showed that ventricular AM levels are also increased in several rat hypertension models. 6 -9 These results suggest that tissue AM levels in the ventricle become increasingly elevated with the development of pressure-overload cardiac hypertrophy. These findings may support a potential role for AM in cardiac hypertrophy.
Although the LV AM levels gradually increased in a time-dependent manner, the AM mRNA levels of LV were not elevated in the present AB group compared with the sham-operated group, except at 1 day after the operation. Shimokubo et al 7 reported the similar finding that cardiac AM levels were higher in spontaneous hypertensive rats versus normotensive Wistar-Kyoto rats, although the AM mRNA levels in the spontaneously hypertensive rats were not significantly different from those of the control rats. These findings in chronic pressure-overloaded rats are consistent with our present results. In contrast, Kaiser et al 14 recently reported that pressure overload by AB did not stimulate AM mRNA levels from soon after the operation to 28 days later. Although the reason for the discrepancy between their results and ours is unknown at present, the LV/BW ratio was not increased at 1 day after banding in their study, whereas it was significantly increased at 1 day after banding in the present study. A difference in the severity of the banding in the 2 studies may account for the discrepancy. The exact cellular mechanism of the elevation of LV AM levels without enhanced gene expression in pressure overloaded rats remains to be identified.
In the present study, plasma AM levels showed a peak at 1 day after the operation in the present AB group and a small peak in the sham-operated group. The small peak in the plasma AM levels at 1 day after the operation in the present sham-operated group may be due to the effect of invasive operation. The higher peak of the AB group at 1 day after the operation compared with the sham-operated rats may be due to mechanical, stress-stimulated AM production at the vascular wall in addition to the effect of invasive operation. It has been reported that mechanical stress stimulates the AM production in vascular endothelial walls. 15 The elevated plasma AM levels in the chronic phase in the present AB group may also reflect mechanical, stress-stimulated AM production from systemic vascular walls with pressure overload. It has been found that shear stress augments expression of AM from the vascular endothelial wall in a time-dependent manner. 15 The exact mechanism of increased plasma AM levels in the chronic phase of this model needs further study. In this study, AB rats treated with quinapril showed a similar decrease in both LV AM levels and LV/BW ratio. In study 1, we demonstrated that the ventricular AM levels increase with the development of ventricular hypertrophy in a time-dependent manner. In addition, LV AM levels decreased according to the regression of LVH by quinapril treatment. These results suggest that AM and the renin-angiotensin-aldosterone system may affect each other and regulate the cardiac hypertrophy. However, the exact mechanism of AM in cardiac hypertrophy is unknown at present. Further research is necessary to reveal the exact role of tissue AM of LV in cardiac hypertrophy.
The infusion of AM and the administration of hydralazine to AB rats produced a similar reduction in the mean carotid arterial pressure of Ϸ10%. However, only the AM infusion reduced ventricular weight. It is well known that the reduction of blood pressure by hydralazine induces the activation of the sympa- thetic nervous system and counteracts the regression of LVH. 16 The administration of hydralazine induces tachycardia only in the acute phase and increases ventricular sympathetic activity without tachycardia in the chronic phase. 16 In contrast, it was reported that hypotension-induced tachycardia was not produced by an AM infusion, 17 which suggests that AM attenuates the hypotension reflex-mediated sympathetic nerve activation. Indeed, Fukuhara et al 18 reported that an intravenous AM infusion exerted a hypotensive action that is associated with attenuated reflex-mediated sympathetic nerve activation. These results suggest that the difference of sympathetic nerve activity between AM and hydralazine may in part explain their different effects on ventricular hypertrophy. Long-term or short-term AM administration was reported to significantly decrease plasma aldosterone levels. 19 Also, aldosterone was shown to play an important role in LVH by AB in rats. 20 The present study showed that a chronic infusion of AM tended to decrease the plasma aldosterone level, although the difference did not reach significance. Thus, an attenuation of the increase in plasma aldosterone level by AM may be involved in the difference in the effects on hypertrophy between AM and hydralazine.
The immunohistochemical analysis revealed that AM immunoreactivity was more intense in hypertrophied ventricular myocytes than normal ventricular myocytes and that there was no evidence of AM immunoreactivity in the connective tissues. Similarly, Jougasaki et al 21 previously reported that AM immunoreactivity in the myocyte is more highly expressed in the failing heart than in the normal heart and that there was no evidence of AM immunoreactivity in the connective tissues. These results suggest that the ventricular myocyte, not the nonmyocyte, may be a major source of increased ventricular AM levels during the progression of LVH.
In conclusion, we demonstrated that LV AM levels gradually increased in a time-dependent manner similar to the LV/BW ratio in the development of hypertrophy. The immunohistochemistry revealed that hypertrophied myocytes may be a major source of AM production at LVH. We also demonstrated that administration of ACEI decreased the LV AM levels and the degree of LVH similarly. These results suggest that ventricular AM may act locally and play a possible pathophysiological role in the development of LVH in chronic pressure overload. In addition, we demonstrated that exogenous AM administration attenuates LVH, which suggests that increased plasma AM may lead to the regression of LVH. The use of a specific AM antagonist in an animal model of LVH is necessary to determine the exact role of AM in the development of hypertrophy.
